Chronic stress contributes to the neuropathology of mental health disorders, including those associated with anxiety. The basolateral amygdala (BLA) coordinates emotional behavioral responses through glutamatergic outputs to downstream regions such as the prefrontal cortex (PFC), nucleus accumbens core (NAcc) and bed nucleus of the stria terminalis (BNST). We explored the effects of chronic stress on BLA outputs to the PFC, NAcc and BNST using slice electrophysiology combined with optogenetics in two inbred mouse strains with distinct stress-induced anxiety responses. We found that ten consecutive days of chronic restraint stress enhanced pre-synaptic glutamate release at BLA-to-PFC synapses in C57BL/6J mice, but reduced pre-synaptic glutamate release at these synapses in DBA/2J mice. To assess the behavioral relevance of enhanced glutamate output at BLA-to-PFC synapses, we approximated the effects of chronic stress on the BLA-PFC circuit using optogenetics. We found that photostimulation of the BLA-PFC circuit in unstressed C57BL/6J mice produced persistent (i.e., post-stimulation) increased anxietylike behavior and hyperactivity in the elevated plus-maze -a profile consistent with prototypical behavioral responses of stressed C57BL/6J mice. These data demonstrate that chronic stress dysregulates the BLA-PFC circuit by altering pre-synaptic glutamate release from BLA outputs, and provide a mechanism by which chronic stress can lead to increased anxiety.
Introduction
Anxiety disorders consistently rank among the most common mental health concerns in the United States and globally (Kessler et al., 2005 (Kessler et al., , 2009 . These disorders are characterized by intense and persistent feelings of worry or panic that are disproportionate to the associated threat and significantly interfere with daily function (American Psychiatric Association, 2013) . Though the clinical manifestation of anxiety disorders can vary greatly between patients, chronic stress is considered a major factor in their development and progression (Craske et al., 2017) .
Preclinical models have been developed to better understand the contribution of chronic stress to anxiety. Results from studies in rodents reveal that even relatively minor stressors, experienced frequently and over long periods of time, can lead to increased anxiety-like behavior (Caruso et al., 2017; Netto et al., 2002; Strekalova et al., 2004 Strekalova et al., , 2005 Vyas and Chattarji, 2004; Zurita et al., 2000) . However, the effect of chronic stress on subsequent behavior can vary considerably depending on numerous environmental and individual factors, including the type of stressor, the length of stress exposure, age of stress exposure, sex, and genetic background.
Comparing inbred mouse strains of distinct genetic backgrounds is a common and informative approach to understanding the influence of genetic variability on a range of behaviors, including those related to anxiety and stress (Crabbe et al., 1998; Crawley et al., 1997; Lowery et al., 2008; Millstein and Holmes, 2007; Paylor and Crawley, 1997; Singh et al., 2007; Szklarczyk et al., 2012) . Previous work from our group and others utilizing this approach has revealed that anxiety-and depression-related behaviors vary considerably between several inbred strains, indicating a strong influence of genetic background on these phenotypes Kopp et al., 1999; Mozhui et al., 2010) . Notably, strain-dependent variations in these behaviors were observed at baseline, and in some cases, became more pronounced following chronic exposure to stress in a strain-dependent manner (Mozhui et al., 2010) . For instance, two of the inbred strains tested in a larger strain-panel, DBA/2J and C57BL/6J, displayed differing levels of anxiety-like behavior under unstressed conditions. Specifically, DBA/2J mice displayed behaviors consistent with greater anxiety-like behavior, as compared to C57BL/6J mice, consistent with other reports of overall greater negative emotional states in DBA/2J mice relative to C57BL6/J mice in various test assays Miller et al., 2010; Mineur et al., 2006; Thoeringer et al., 2007) . Despite these baseline differences, both the DBA/2J and C57BL/6J strains were found to be vulnerable to the anxiety-provoking effects of ten consecutive days of restraint stress (Ihne et al., 2012; Masneuf et al., 2014; Mozhui et al., 2010) , albeit manifesting in distinct behavioral responses. Thus, relative to their unstressed counterparts, stressed DBA/2J mice displayed the classical anxiety-related response of avoiding the illuminated compartment in the light/dark exploration test, while stressed C57BL/6J mice spent more time in this aversive area (Mozhui et al., 2010) . Importantly, this ostensibly paradoxical response to stress is reversible with prototypical anxiolytic drugs (Ihne et al., 2012) , suggesting the distinct anxiety responses in the two mouse strains reflect avoidant or 'passive' (DBA/2J) versus 'active' or even paniclike (C57BL/6J) response to stress, respectively.
Subsequent analyses found that these stress-induced anxiety responses were associated with divergent patterns of gene expression and measures of BLA glutamate-mediated synaptic plasticity in the basolateral amygdala (BLA) -a key regulator of behavioral responses to stress (Mozhui et al., 2010) . Moreover, follow-up studies in C57BL/6J mice provided further evidence that BLA dysregulation is a key component of the neuropathology underlying the stress-induced anxiety-like responses in these mice (Masneuf et al., 2014) . However, while these and other data indicate that adaptations in BLA activity follow chronic stress exposure, the consequential effects of these changes on BLA contacts with downstream anatomical targets, and the behavioral implications thereof, are not fully understood.
In the current study, we sought to characterize the pre-and post-synaptic effects of restraint stress in DBA/2J and C57BL/6J mice on three of the BLA's major projection targets. Using slice ex vivo whole-cell electrophysiology combined with optogenetics, we show that stress has an opposite effect on BLA output to the dorsomedial prefrontal cortex (dmPFC) in DBA/2J and C57BL/6J mice. Establishing the specificity of these effects, stress did not alter BLA output to either the nucleus accumbens core (NAcc) or the bed nucleus of the stria terminalis (BNST) in either strain. Next, using in vivo optogenetics to approximate the stress-induced increase in BLA output to the PFC, we were able to induce a persistent increase in anxiety-like behavior in unstressed C57BL/6J mice. Collectively, these findings demonstrate that strain can modulate-stress induced plasticity within distinct pathways in the brain. In addition, the optogenetic studies in naïve mice provide support for the important role for BLA outputs to the PFC in modulating behavioral responses related to anxiety-like behavior. Notably, the differences seen in optogenetic stimulation of BLA outputs to the PFC in naïve animals, and that following chronic stress, highlights the need for an increased understanding of how dysregulation of this circuit may differentially modulate anxiety-like behavior versus stressinduced anxiety-like behavior.
Material and methods

Subjects
Male C57BL/6J and DBA/2J mice aged 2e3 months obtained from The Jackson Laboratory (Bar Harbor, ME, USA) were used for all experiments. Mice were acclimated for at least one week before the start of experiments to a temperature-(22 ± 3 C) and humidity-(45 ± 15%) controlled vivarium with a 12-h light/dark cycle (lights on at 07:00). Food and water were available ad libitum except during periods of restraint stress and behavioral testing (as detailed below). All experimental procedures were approved by the NIAAA and UNC Animal and Care and Use Committees, and followed the National Institutes of Health guidelines outlined in 'Using Animals in Intramural Research.'
Viral infusion and ferrule implantation
Mice were anesthetized under 1e2% isoflurane and placed in a stereotaxic alignment system (Kopf Instruments, Tujunga, CA, USA) to infuse virus and implant ferrules. AAVs were bilaterally infused into the BLA (coordinates relative to bregma: AP -1.4, ML ±3.22, DV -4.85) using a Neuro Hamilton syringe with a 33 gauge needle (Hamilton, Reno, NV, USA) at the rate of 0.02 mL/min, and were then left in place for an additional 5 min. To express the excitatory channelrhodopsin-2 (Zhang et al., 2007) , we used rAAV5/CaMKIIhChR2(H134R)-eYFP (0.35 mL/hemisphere; titer 1 Â 10e13). rAAV5/CaMKII-eYFP (0.35 mL/hemisphere; titer 6 Â 10e12) served as control virus in behavioral studies. Viruses were obtained from the University of North Carolina vector core (http://www.med.unc. edu/genetherapy/vectorcore). During the same surgery, 200-mm diameter (NA 0.37) ferrules were bilaterally directed at the dmPFC (coordinates relative to bregma: AP -1.9, ML ±1.0, DV -2.0, 20 angle) and chronically implanted by affixing to the skull with dental cement. Ferrule-fiber assembly was constructed according to previously published methods (Bergstrom et al., 2018; Sparta et al., 2011) . Mice were single-housed and left undisturbed for 6 weeks prior to testing to allow for recovery and virus expression.
To verify virus expression and ferrule placements at the completion of testing, mice were terminally overdosed with ketamine/xylazine and transcardially perfused with phosphate buffered saline, then 4% paraformaldehyde (PFA). After suspending brains in 4% PFA overnight and 4 C 0.1 M phosphate buffer for 1e2 days, 50 mm coronal sections were cut with a vibratome (Classic 1000 model, Vibratome, Bannockburn, IL, USA). Cases of missed placement were removed from all datasets.
Restraint stress
Each day for 10 consecutive days, beginning at 10:00, mice were placed in ventilated 50 mL Falcon tubes for 2 h, in a quiet room. Control mice remained in their home cages. We have previously shown that this procedure results in significantly reduced body weights and alterations in anxiety-like behavior in the DBA/2J and C57BL/6J strains (Ihne et al., 2012; Masneuf et al., 2014; Mozhui et al., 2010) .
Slice electrophysiology
One day following the final exposure to stress, mice were sacrificed via deep isoflurane anesthesia and decapitated. Brain slices containing the BLA, BNST, PFC, or NAcc were prepared as previously described (Crowley et al., 2016; Lowery-Gionta et al., 2015; Masneuf et al., 2014) . Briefly, brains were rapidly removed and 300 mM coronal slices were cut on a vibratome (Leica Biosystems, Buffalo Grove, IL, USA) in cold (1e4 C) sucrose extracellular solution (in mmol/L: 194 sucrose; 20 NaCl, 4.4 KCl, 2 CaCl2, 1 MgCl2, 1.2 NaH2PO4, 10 glucose, 26 NaHCO3). Slices were immediately placed in normal artificial cerebrospinal fluid (ACSF, in mmol/L: 124 NaCl, 4.4 KCl, 2 CaCl, 1.2 MgSO4, 1 NaPO4, 10 glucose, 26 NaHCO3) maintained at 30 C and allowed to recover for at least 1 h. Slices were then placed in a holding chamber and continuously perfused at a rate of 2 mL per min with normal ACSF maintained at 30 C.
Neurons were visualized using infrared video microscopy (Olympus, Center Valley, PA, USA). Recording electrodes (3e5 MU) were pulled with a Flaming-Brown Micropipette Puller (Sutter Instruments, Novato, CA, USA) using thin-walled borosilicate glass capillaries. Signals were acquired by a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA, USA), digitized at 10 kHz and analyzed using Clampfit 10.2 software (Molecular Devices, Sunnyvale, CA, USA). Input resistance and access resistance were continuously monitored throughout all experiments, and those in which access resistance fluctuated in excess of 20% were excluded from all data analyses. A maximum of 2 cells were recorded from each animal from each region with one exception: 3 cells were recorded from a single C57BL/6J mouse in the control group for the BLA excitability experiments.
Whole-cell voltage clamp recordings were performed in slices from mice expressing ChR2 in the BLA to assess the effects stress on glutamate transmission at pre-and post-synaptic contacts with target regions in the PFC, NAcc and BNST. Recordings were specifically performed in the dmPFC, nucleus accumbens core and dorsolateral BNST -only in those mice in which ChR2 viral expression was evident both in the BLA and the appropriate output region. The recordings presented herein were made in cells that exhibited excitatory monosynaptic post-synaptic currents that were time-locked to optical stimulation. The maximum LED output capacity for stimulation was 25 mW, however for each cell, the intensity of LED optical stimulation was tailored to isolate a monosynaptic response (up to 5 ms (Crowley et al., 2016) ); and was kept consistent for the duration of each experiment.
To assess presynaptic glutamate release, using a cesium methanesulfonate-based intracellular solution (in mM: 135 cesium methanesulfonate, 10 KCl, 1 MgCl2, 0.2 EGTA, 2 QX-314, 4 MgATP, 0.3 GTP, 20 phosphocreatine, pH 7.3, 285e290 mOsmol) with cells held at À55 mV, excitatory post-synaptic currents were evoked by 2 x 5-ms pulses of 490 nM blue light delivered 50 ms apart (Cool LED, Traverse City, MI, USA). The amplitudes of each pair of evoked excitatory post-synaptic currents (eEPSCs) were then used to create a paired-pulse ratio (PPR; amplitude of pulse 2/amplitude of pulse 1) to measure between-group differences in glutamate release probability from presynaptic BLA contacts. To assess postsynaptic glutamate transmission, using a cesium gluconate-based intracellular solution (in mM: 117 D-gluconic acid, 20 HEPES, 0.4 EGTA, 5 TEA, 2 MgCl2, 2 QX-314, 4 Na2ATP, 0.4 Na2GTP, pH 7.3, 285e290 mOsmol) with the GABA-A channel blocker picrotoxin (25 mM) in the bath, excitatory post-synaptic currents were evoked by a 1-ms pulse of 490 nM blue light. Cells were held stably at À70 mV to record AMPA receptor-mediated currents, then were held stably at þ40 mv to record NMDA receptor-mediated currents. The amplitudes of AMPA receptor-mediated currents relative to NMDA receptor-mediated currents were used to create an AMPA/NMDA ratio, a measure of postsynaptic glutamate transmission.
Whole-cell current clamp recordings were performed at resting membrane potential (RMP) in slices from surgery-naïve mice to assess the effects of stress on excitability in the BLA. All experiments were conducted in drug-free ACSF using a potassium gluconoate-based intracellular solution (in mM: 135 K þ gluconate, 5 NaCl, 2 MgCl2, 10 HEPES, 0.6 EGTA, 4 Na2ATP, 0.4 Na2GTP, pH 7.3, 285e290 mOsmol). After each cell had settled, the experiments were performed to assess the amount of current required to fire an action potential (termed a rheobase), the membrane potential at which an action potential first fired, followed by an experiment to assess the number of action potentials fired at given amount of current (0e200 pA, increased 10 pA per current step).
Elevated plus-maze test for anxiety-like behavior
The elevated plus-maze test consisted of 2 open arms (30 Â 5 cm; 90 lux) and 2 closed arms (30 Â 5 Â 15 cm; 20 lux) extending from a 5 Â 5 cm central area and elevated 47 cm from the ground (San Diego Instruments, San Diego, CA, USA), as previously described (Mozhui et al., 2010; Holmes and Rodgers, 2003) . The walls were made from black ABS plastic and the floor from white ABS plastic. A 0.5 cm raised lip around the perimeter of the open arms prevented mice from falling off the maze.
Optical fibers were connected, via the ferrules, to a 473 nm laser diode (OEM Laser Systems, East Lansing, MI, USA) through an FC/PC adapter. The mouse was placed in the center square of the maze, facing an open arm, and allowed to explore the apparatus for a 9-min session. Laser output was controlled using a Master-8 pulse stimulator (A.M.P.I., Jerusalem, Israel) to deliver light trains at 20 Hz, 5 ms pulse-width for 473 nm. Laser power was set to 3e5 mW based on pilot data showing that higher power induced seizure activity in some mice. Light was shone during the first and third (and not the second) 3-min test epochs (as in previous studies e Tye et al., 2011) 
Statistical analysis
For each strain, differences in PPR, AMPA/NMDA ratios, and excitability measures between Control and Stress groups were analyzed using unpaired t-tests with Welch's correction applied where appropriate. Repeated measures ANOVAs (group x current step) were used to assess between-group differences in the number of action potentials fired across a range of current for each strain. Repeated measures ANOVAs (group x epoch) were used to assess between-and within-group effects of BLA-PFC activation on behavioral measures obtained in the elevated plus-maze. Sidak's multiple comparisons post hoc tests were used to analyze significant ANOVA terms. The threshold for significance for all statistical analyses was set at p < 0.05.
Results
3.1. Stress effects on presynaptic glutamate release from BLA projections to PFC, NAcc and BNST Significant alterations in the probability of presynaptic glutamate release from BLA projections were observed following stress, in a manner dependent on both target region and mouse strain. The probability of presynaptic glutamate release was measured by comparing the amplitudes of two events evoked by two light pulses delivered 50 ms apart. The resulting paired pulse ratio (PPR; amplitude of pulse 2/amplitude of pulse 1) is inversely related to presynaptic neurotransmitter release. Therefore, decreases in PPR are reflective of increased neurotransmitter release while increases in PPR are reflective of decreased neurotransmitter release.
In DBA/2J mice, stress significantly increased PPR relative to control conditions in the PFC ( Fig. 1a; Together, these data demonstrate that glutamate release in the dmPFC is reduced following chronic stress in DBA/2J mice but increased following chronic stress in C57BL/6J mice.
Stress effects on postsynaptic glutamate transmission at BLA synapses onto PFC, NAcc and BNST neurons
Postsynaptic glutamate transmission in 3 BLA target areas was assessed by comparing the amplitudes of AMPA receptor-mediated events and NMDA receptor-mediated events evoked by a single light pulse. In DBA/2J mice, stress did not significantly alter AMPA/ NMDA ratios, relative to controls, in the PFC ( Fig. 2a; These data show that significant alterations in postsynaptic AMPA-mediated or NMDA-mediated glutamate transmission at BLA synapses in various target regions did not occur in response to stress, in either DBA/2J or C57BL/6J mice.
Stress effects on neuronal excitability in the BLA
The excitability of BLA neurons was assessed following chronic restraint stress by recording the potentials of BLA neuronal membranes. Because stress did not alter the resting membrane potential (RMP) of neurons in either strain, all measures were taken while neurons were at rest. Measures recorded with neurons held at À70 mV did not differ from those recorded at rest (data not shown). Additional measures of excitability obtained included the amount of current needed to fire an action potential (i.e., rheobase), the threshold membrane potential at which an action potential was fired and the number of action potentials fired across a range of currents (0e200 pA, increased in 10 pA increments).
Stress did not alter excitability in BLA neurons in either DBA/2J or C57BL/6J mice. Specifically, stressed DBA/2J mice were similar to controls with regards to RMP ( Fig. 3a; t(11.84) ¼ 1.556, p ¼ 0.1460), rheobase ( Fig. 3b; t(17) ¼ 0.6587, p ¼ 0.5189), the threshold membrane potential for action potential firing ( Fig. 3c ; t(10.39) ¼ 0.7272, p ¼ 0.4832), and the number of action potentials fired across a range of currents ( Fig. 3d; F(20, 300) ¼ 0.2499, p ¼ 0.9997 for group Â current interaction; F(1, 15) ¼ 0.1457, p ¼ 0.7080 for main effect of group; F(20, 300) ¼ 15.54, p < 0.0001 for main effect of current). The same absence of group differences was evident for C57BL/6J mice: RMP ( Fig. 3e; t(19 Fig. 3g; t(19) ¼ 0.912, p ¼ 0.3732), and Fig. 1 . Strain-dependent effects of stress on presynaptic glutamate release from BLA projections. Traces are normalized to control pulse 1 for each graph. (a) Stressed DBA/2J mice had significantly increased paired pulse ratios (PPR; amplitude of pulse 2/ amplitude of pulse 1) relative to controls in the prefrontal cortex (PFC; n ¼ 15 cells from 8 mice for control; n ¼ 9 cells from 7 mice for stress). Effects of stress on PPR was not observed in the nucleus accumbens core (NAcc; b; n ¼ 10 cells from 6 mice for control; n ¼ 11 cells from 5 mice for stress) or bed nucleus of the stria terminalis (BNST; c; n ¼ 6 cells from 6 mice for control; n ¼ 12 cells from 6 mice for stress) in DBA/2J mice. (d) Stressed C57BL/6J mice had significantly decreased PPR relative to control mice in the PFC (n ¼ 12 cells from 7 mice for control; n ¼ 11 cells from 9 mice for stress). Stress effects in PPR were not observed in the NAcc (e; n ¼ 13 cells from 8 mice for control; n ¼ 10 cells from 5 mice for stress) or BNST (f; n ¼ 11 cells from 6 mice for control; n ¼ 10 cells from 5 mice for stress) in C57BL/6J mice. Data are means ± SEM. * denotes significant between-group differences (p < 0.05). Stressed DBA/2J mice did not have significantly different AMPA/NMDA ratios (amplitude of AMPA current/amplitude of NMDA current) relative to controls in the PFC (a; n ¼ 10 cells from 8 mice for control, n ¼ 10 cells from 7 mice for stress), NAcc (b; n ¼ 12 cells from 8 mice for control; n ¼ 12 cells from 7 mice for stress) or BNST (c; n ¼ 11 cells from 7 mice for control; n ¼ 10 cells from 7 mice for stress). Stressed C57BL/ 6J mice did not have significantly different AMPA/NMDA ratios, as compared to controls, in the PFC (d; n ¼ 9 cells from 7 mice for control; n ¼ 11 cells from 6 mice for stress), NAcc (e; n ¼ 8 cells from 7 mice for control; n ¼ 10 cells from 6 mice for stress) or BNST (f; n ¼ 9 cells from 6 mice for control; n ¼ 9 cells from 5 mice for stress). Data are means ± SEM. number of action potentials fired across currents ( Fig. 3h; F These data indicate that the excitability of BLA neurons was not altered by stress in either strain of mice.
3.4. Behavioral effects of photostimulating BLA neuronal fibers in PFC in stress-naive C57BL/6J mice BLA projections to the PFC were manipulated in stress-naive C57BL/6J mice using an optogenetic approach. ChR2-expressing BLA fibers in the mPFC were photostimulated by blue light during specific periods during elevated plus-maze testing (see Fig. 4a and  b) .
In ChR2, but not eYFP, expressing mice, shining light during the first 3-min epoch significantly increased total distance traveled during the subsequent 3-min light-off and, thereafter, 3-min lighton epochs ( Fig. 4c; , as compared to controls (n ¼ 9 cells from 5 mice for control; n ¼ 10 cells from 5 mice for stress). Stressed and control DBA/2J mice also did not differ in the number of action potentials fired across a range of current steps (d; n ¼ 7 cells from 4 mice for control; n ¼ 10 cells from 5 mice for stress). Stressed C57BL/6J mice did not have significantly altered resting membrane potentials (RMP; e), rheobase (f) or threshold for action potential firing (g) relative to controls (n ¼ 11 cells from 6 mice for control; n ¼ 10 cells from 5 mice for stress). Stressed and control C57BL/6J mice also not differ in the number of action potentials fired across a range of current steps (h; n ¼ 11 cells from 5 mice for control; n ¼ 10 cells from 5 mice for stress). Data are means ± SEM.
of epoch in ChR2-expressing mice; F(2, 36) ¼ 7.085, p ¼ 0.0025), as well as for the ratio of arm entries into the open arms ( Fig. 4f ; post hoc tests after 2-way ANOVA: main effect of group; F(2, 64) ¼ 1.906, p ¼ 0.1570, main effect of epoch; F(1, 32) ¼ 3.446, p ¼ 0.0727, but no group Â epoch interaction; F(2, 64) ¼ 1.67, p ¼ 0.1963; and 1-way ANOVA in ChR2-expressing mice; F(2, 36) ¼ 4.308, p ¼ 0.0210). These results indicate that BLA-PFC activation in unstressed C57BL6/J mice is sufficient t0 produce increases in EPM anxiety-like behavior and overall locomotion, which persist beyond photostimulation.
Discussion
Environmental challenges, including chronic stress, have long been known to engage BLA activity, resulting in altered emotional behavioral states including enhanced anxiety (Burgos-Robles et al., 2017; Likhtik et al., 2014; Masneuf et al., 2014; Mozhui et al., 2010; Tye et al., 2011) . However, the consequences of this engagement on brain structures downstream of the BLA remain less clear.
Here, we show that chronic stress alters pre-synaptic glutamate release from BLA projections to the dmPFC in mice. These effects appear to reflect lasting neuroadaptations in the BLA-dmPFC pathway, as they were observed the day after the final stress exposure. Moreover, the effects of stress were highly straindependent: stress led to increased glutamate release in C57BL6/J mice and decreased glutamate release in DBA2/J mice. Another important finding was that stress did not change pre-synaptic glutamate release from BLA projections to two other primary output regions, the BNST and the NAcc. Also of note was the observation that stress effects were restricted to pre-synaptic sites, as evidenced by the absence of stress-induced alterations in postsynaptic glutamate transmission from BLA projections to any of the output regions assessed, in either strain. Finally, in agreement with a recent report (Felix-Ortiz et al., 2016) , approximating the increased BLA-dmPFC glutamate release after chronic stress in C57BL/6J mice by optogenetically activating this pathway increased anxiety-like behavior in unstressed (C57BL/6J) mice. Indeed, the behavioral effects of photoexcitation were, strikingly, sufficiently potent that they persisted (for at least 3 min) after the offset of light-excitation of BLA fibers in the dmPFC. Even though these effects of stimulation were robust, it would nonetheless be valuable to extend them to additional behavioral assays for anxiety-like behavior and, more generally, other behavioral indices known to be sensitive to the effects of stress and modulated by the PFC, such as reward-seeking and social behavior.
Collectively, these results indicate that dysregulation of presynaptic glutamatergic inputs to the dmPFC arising from BLA projections represents at least one plausible mechanism for the enhanced anxiety-like behavior stemming from chronic stress exposure. Nonetheless, it is important to note that the current findings do not discount the involvement of other pathways, for example those arising from the BLA to target regions not studied here, or inputs other than the BLA that innervate the PFC. One candidate is the ventral hippocampus, as it projects to both the BLA and PFC and may be involved in glutamatergic-based adaptations following chronic stress. In this context, there is growing support for the importance of ventral hippocampal inputs to the PFC and BLA in regulating various stress-related behaviors (Felix-Ortiz et al., 2016; Marek et al., 2018) .
BLA outputs arise from glutamatergic pyramidal neurons and are under tight control of inhibitory interneurons. During environmental challenges, the dynamic range of BLA neuronal activity afforded by its functional organization shapes behavioral responses. For example, the activity of populations of BLA neurons is increased during the presentation of fear-associated cues to generate the adaptive behavioral response of freezing (BurgosRobles et al., 2017; Courtin et al., 2014; Gunduz-Cinar et al., 2018; Likhtik et al., 2014) . In this way, BLA activity, and consequent alterations in BLA output, may influence the selection of behavioral responses under threat. In turn, dysregulation of BLA activity and its outputs may drive a range of maladaptive behavioral responses to threat including those associated with heightened anxiety (FelixOrtiz et al., 2016; Likhtik et al., 2014; Tye et al., 2011) . This is consistent with our observation that stress differentially alters presynaptic glutamate release from BLA-PFC projections in an opposing manner in two inbred mouse strains with distinct baseline and stress-induced anxiety-like responses (Mozhui et al., 2010) . In DBA2/J mice, chronic stress results in avoidance of potentially challenging situations and reduced glutamate release from BLA inputs to the PFC, whereas in C57BL6/J mice, stress results in hyperactive, possibly 'panic-like' patterns of behavior in anxietyrelated tests and, in tandem, leads to exaggerated glutamate release from BLA-PFC projections. It must be noted that in the current study, C57BL6/J mice show patterns of hyperactive exploration but traditional patterns of anxiety-like behavior with respect to open arm aversion, which contrasts with previous reports in which these mice show hyperactivity that is accompanied by reduced open arm aversion (Mozhui et al., 2010) . Therefore, it is possible that anxiety induced by optogenetic stimulation of BLA-PFC projections is qualitatively distinct from that which arises spontaneously or is induced by chronic stress exposure, perhaps due to the Fig. 4 . Effects of BLA-to-PFC photostimulation in stress-naïve C57BL/6J mice. Channelrhodopsin2-EYFP (ChR2; n ¼ 19) or EYFP control virus (control; n ¼ 15) was injected in to the BLA and optical fibers were implanted in the mPFC, denoted by red x's (a). Shining blue light in the PFC of mice expressing ChR2 in neurons projecting from the BLA during the initial 3-min ('ON' epoch) in the elevated plus-maze (EPM) led to increased locomotor activity on subsequent 3-min light OFF and ON epochs, as compared to controls (b). ChR2-expressing mice also traveled significantly less distance (c), spent significantly less time (d, e) and were less likely to enter (f) the open arms of the EPM, as compared to controls. Data are means ± SEM. * denotes significant within-group post-hoc analyses after two-way repeated measures ANOVA (p < 0.05). þ denotes significant within-group post-hoc analyses after one-way repeated measures ANOVA (p < 0.05). involvement of other circuits or the strength of optogenetic stimulation versus endogenous stimulation.
The strain-dependent effects of chronic stress on BLA-PFC glutamate release likely arises from distinct patterns of neuroadaptations within the BLA of DBA2/J and C57BL6/J mice. We previously found that the same chronic stress regimen employed in the current study alters distinct sets of glutamate-signaling genes in each strain and facilitates metaplasticity at glutamatergic synapses in the BLA of DBA2/J, but not C57BL6/J mice (Mineur et al., 2006) . Stress-induced dysregulation of BLA function that ultimately promotes increased output to the PFC could manifest in many ways, including via changes in the intrinsic excitability of BLA projection neurons, disrupted excitatory or inhibitory modulation of BLA projection neurons and alterations in mechanisms that regulate glutamate release locally at BLA terminals in the PFC. However, based on the current results, it is unlikely that stress alters BLA-PFC output through changes in the intrinsic excitability of BLA projection neurons, though this mechanism cannot be completely ruled out and has certainly been reported in the context of other stressors (Rau et al., 2015) . Rather, previous work from our groups provides support for changes in modulation of BLA projection neurons. In C57BL6/J mice, chronic stress disrupts the balance between excitatory and inhibitory transmission in the BLA, and enhancing inhibitory transmission in this structure by activating GluK1 kainate receptors attenuates the effects of chronic stress on anxietylike behavior (Masneuf et al., 2014) . To extend these observations, further studies are now needed to determine if disruptions in the balance of excitatory and inhibitory transmission in the BLA also occur in the DBA2/J strain and if they are indeed the cause of altered (in the case, decreased) glutamate output to the PFC.
The BLA and PFC share reciprocal connections that intricately govern many behaviors related to emotion. A body of prior work untangling the anatomy of these connections suggest that glutamatergic inputs to the BLA synapse primarily onto PFC inhibitory interneurons, which in turn modulate the activity of PFC projection neurons (Dilgen et al., 2013; Marek et al., 2018; McGarry and Carter, 2016) . PFC projection neurons provide 'top-down' modulation of many downstream structures throughout the brain, including the BLA, sculpting appropriate fear and anxiety-like responses based on current information about a given threat (Bukalo et al., 2015; Fitzgerald et al., 2015; Likhtik et al., 2014) . However, in chronically stressed states, these carefully controlled circuit dynamics can be disrupted (Holmes and Wellman, 2009; Shepard and Coutellier, 2018) .
Recent evidence suggests chronic stress enhances BLA activity, resulting in increased inhibitory modulation of the PFC (Shepard and Coutellier, 2018) and, consequently, decreased control of the PFC over the BLA. This could conceivably lead to 'active' maladaptive behavioral responses to threat, including the 'panic-like' anxiety seen in stressed C57BL/6J mice or the emergence of darting in females (Gruene et al., 2015) . An interesting corollary possibility is that reduced glutamate release at BLA-PFC synapses in stressed DBA2/J mice has opposite effects on this circuit: with the net effect of enhancing PFC control over the BLA favoring 'passive' behavioral responses to threat, such as behavioral inhibition and avoidance. In line with this possibility, shifting the balance of excitation to inhibition in the PFC towards excitation reduces social interaction (Yizhar et al., 2011) and disinhibition of PFC neurons projecting to the BLA promotes freezing behavior (Courtin et al., 2014; Senn et al., 2014) . However, as our experiments were not performed on a specific PFC cell type, it is difficult to determine whether our results reflect stress-induced dysregulation of glutamatergic modulation of PFC interneurons or projection neurons. This will be explored in future experiments.
In sum, we found that chronic stress exposure sufficient to enhance anxiety promotes adaptations in BLA activity that dysregulate glutamate release at BLA to PFC synapses. These effects of stress appear to manifest pre-synaptically and without apparent effects on post-synaptic glutamate transmission mediated by AMPA or NMDA receptors. Using inbred mouse strains with distinct stress-induced anxiety-like phenotypes, we found that chronic stress selectively enhances or reduces glutamate release specifically within the BLA to dmPFC circuit without altering glutamatergic modulation of other two other BLA projection targets, the BNST and NAcc. Finally, optogenetic excitation of the BLA-PFC circuit was sufficient to cause a persistent increase in anxiety-like behavior and hyperactivity in unstressed C57BL6/J mice. These findings add to converging evidence demonstrating that intricate interactions between the BLA and PFC govern behavioral responses to challenging situations, and suggest that significant dysregulation of glutamate release within this circuit may be a key mechanism by which chronic stress precipitates the development of anxiety disorders.
